The use of eco-friendly materials for the environment has been addressed as a critical issue in the development of systems for renewable energy applications. In this regard, the investigation of organic photovoltaic (OPV) molecules for the implementation in solar cells has become a subject of intense research in the last years. The present work is a systematic study at B3LYP level of theory performed for a series of 50 OPV materials. Full geometry optimizations revealed that those systems with a twisted geometry are the most energetically stable. Nuclear-independent chemical shifts values show a strong aromatic character along the series, indicating that a possible crystallization in solid-state may rise, via a − stacking. This may play a role in the design of a solar cell device. The absorption spectra in the series were also computed using time-dependent DFT at the same level of theory, indicating that all spectra are redshifted along the series. This is a promissory property that may be directly implemented in a photovoltaic material, since it is possible to absorb a larger range of visible light. Nonlinear optical properties were also estimated with the aid of a PCBM molecule as a model of an acceptor, and a final set of systems was identified with outstanding electronic structure properties related to the performance of solar cell materials. The methodological approach presented in this work may aid in the in silico-assisted design of OPV materials.
Introduction
The continuous global demand for energy consumption combined with the depletion of petroleum resources and global warming effects, shows the urgent need of alternate sources for energy generation. The Renewable energy is the best option, such as solar, wind, biomass and others. Sun energy reaching the Earth is many times larger than the present world energy consumption. In this respect, the solar photovoltaic cells are excellent choice for the generation of electrical energy and they are also environmentally friendly [1] [2] [3] .
OPV materials and dye-sensitized solar cells (DSSCs) have been widely studied due to their potential as environment-friendly products, simple assembly technology, physical flexibility and low cost [4, 5] . The power conversion efficiency (PCE) of OPVs has achieved 10% in 2012 [6] [7] [8] [9] , while DSSCs have achieved even higher power conversion efficiencies, almost 12% in 2013 [10] . The OPV device typically consists of an organic bilayer or a bulk heterojunction (BHJ) composed of a donor (D) and an acceptor (A) material between two different electrodes. The operation of an OPV is somewhat different from that of an inorganic semiconductor-based PV cell. When a photon is absorbed in the donor material, an exciton (pair electron-hole) is created; this exciton can be separated at a D/A interface. When the electron is separated, it can be transferred to the acceptor material Electronic supplementary material The online version of this article (https ://doi.org/10.1007/s0021 4-018-2267-3) contains supplementary material, which is available to authorized users. and transported to the cathode, the hole produced travels throughout the polymer, and it is collected at the anode.
Development of an efficient BHJ polymer has become an active field of research, due to its low cost of fabrication and profitability for large-scale production. For many years, an electron-rich and electron-deficient moiety have been used to obtain low band gap polymers and with this methodology, new polymers have been developed.
Further, Olivares-Amaya et al. [11] found high-efficiency OPV materials within the Harvard Clean Energy Project initiative. The study was based upon 30 building blocks to obtain a set of 2.6 million molecules by using combinatorial molecule generation and strategies from drug discovery, pattern recognition and machine learning. On the other hand, a set of descriptors and 50 experimentally characterized molecules were used to parametrize a linear regression that returns a final set of OPVs with desirable photovoltaic properties. The 50 systems experimentally characterized are polymeric structures with carbazole, thiophene and pyrrole derivatives, and low band gap functional groups such as benzothiadiazole, quinoxaline, thienopyrazine and others.
In the literature, these materials were synthesized for organic thin film transistors and organic photovoltaic applications, but only a few have a theoretical analysis [12] [13] [14] . Two of these systems were theoretically studied using density functional theory (DFT) by Blouin et al. [12] . In that work, it was obtained a correlation between DFT calculations and experimental HOMO, LUMO and band gap energies, revealing that the HOMO energy is fixed by the carbazole moiety, while the LUMO energy is related to the nature of the electron drawing comonomer. Furthermore, the band gap ( E g ) in a set of the polymers is studied, ranging from 1.15 to 2.0 eV, which absorb light from visible to near-infrared regions [13, 14] . The donor materials show three functional parts comprising an electron donor, an electron conductor and an anchoring group (bridge) (D-B-A). In those studies, a DFT analysis states that to increase hole mobility in the polymer, in order to increase molecular weight and to decrease polydispersity, the enlargement of the − bridge in the polymer or the introduction of planar monomers, should be applied. There are data bases containing information regarding physical observables obtained from DFT, such as HOPV15 [15] and others. These data bases are intended to correlate relevant values that may be useful on the design of experimental parameters to synthesize OPVs at the experimental level.
The theoretical approach is the best tool to overcome the challenges in the experimental synthesis and to explore alternatives that reduce cost of materials production and processing. The use of DFT represents a reliable alternative to tackle these tasks, since the methodology explores electronic structure and spectroscopic properties. In this work we calculated the electronic structure, nonlinear optical properties and optical properties of 50 experimentally characterized molecules [16] by using DFT and time-dependent DFT.
The quest of novel OPV materials via in silico techniques has been performed with certain dependability. Nevertheless, no comprehensive study on the excited state and nonlinear optical properties is available in open literature. The aim of this work is to give insight into the design of OPV materials for solar cell devices through the prediction of nonlinear optical parameters and the physical behavior in the excited state, on a series of 50 OPV systems experimentally characterized. The anticipated evaluation of these parameters may represent a new methodology to accelerate the synthesis and development of renewable energy materials.
Computational details
In the present work, the ground-state geometries and excited states of 50 OPV materials were performed with TURBO-MOLE computational code [17] . For the ground-state properties, we used the three-parameter functional of Becke, and the correlation of Lee, Yang and Parr (B3LYP) [18, 19] . The def2-TZVP basis set on all atoms [20] was used due to a better quality than other standard basis sets. In order to test the aromatic character in the OPVs under study, we implemented Schleyer's NICS methodology [21] using a dummy atom at the geometrical site of interest. The latter is depicted at each center of the rings on all OPV molecules, as shown in Figures S.1-S.7 of Supplementary Information (SI). For the set of NICS calculations, we used Gaussian 09 computational code [22] . For the excited states properties such as UV-Vis spectra, oscillator strengths and light-harvesting efficiencies, we used the TDDFT methodology [23] on the optimized geometries with the same functional and basis set than those used at the ground state.
According to the results, the UV-Vis absorption spectra were simulated by Gaussian functions [24] , using the TmoleX display program [25] , calculated from the first ten excited states at the ground-state geometries.
The power conversion efficiency (PCE) for the overall solar cell is determined from the following equation:
where J SC is the photocurrent density, V OC is the open circuit voltage, FF is the fill factor and P in is the power density of the incident light. P in was fixed to conditions of laboratory, that is, a standard value of incident spectrum at AM1.5G with an intensity of 1000 W/m 2 (100 mW/cm 2 ) at room temperature.
The V OC values can be approximated from the following equation:
where n is the electron density, k B is the Boltzmann constant, T is the temperature, J 0 is the inverse saturation current and e is the elemental charge of electron [26, 27] . is the LUMO energy of the acceptor, e is the elemental charge of electron and the 0.3V value is the loss factor related to the heterojunction design [29] [30] [31] .
Short-circuit current J SC values were estimated with the following equation:
where LHE( ) is the light-harvesting efficiency at , in is the electron injection efficiency and collec is the electron collection efficiency [32, 33] .
We assume that the collec value is constant. To obtain large values of J SC we need large values of LHE and in . LHE was obtained from:
where f is the oscillator strength of the donor material associated with the wavelength of maximum absorption max [34, 35] . in is related to the force of electron injection ( ΔG inj ) from the excited state of the donor to the LUMO of the acceptor. We approached ΔG inj as follows [36] :
where E D ox is the ionization potential of the ground state of the donor, E D 0−0 is the first excited state energy of the donor [37, 38] . As previously suggested, E A L is the LUMO energy of an acceptor. According to Scharber's model [28] , we have considered the PCBM system as the acceptor. Furthermore, we computed its LUMO energy from the experimental geometry at the PBE/QZVP [39] level of theory in order to finely reproduce the experimental value of − 4.3 eV. We found that E A L = −4.026 eV, in agreement with the standard value found in laboratory. We used this theoretical result in the computations of V OC and ΔG inj , as given by Eqs. (3) and (6), respectively. On the other hand, the ionization potential was calculated from
here E 0 is the ground-state energy and E + 0 is the energy of the cation [40] .
The nonlinear optical properties, such as isotropic polarizability , anisotropy of the polarizability Δ and first-order hyperpolarizability tot , were calculated with the following equations [41] [42] [43] :
where ii , xxi , iyy and izz are tensor components of polarizability and hyperpolarizability, respectively, with i = x, y, z . In this study, E = 0.01 a.u. was used [44] .
Results

Structural description of OPV systems
The present study is based upon the calculation of electronic structure properties of a series of 50 organic materials, which were experimentally characterized [11, 12, 29, [45] [46] [47] [48] . This set of molecules (denoted as 'training set' through the text) is presented in Fig. S .8-S.10 of SI, and it is used in our work to give insight into relevant electronic structure properties that may be of special interest in the development of novel photovoltaic materials. We have studied the 50 systems with larger basis sets and extended the study to the calculation of excited state properties, aromatic character and nonlinear optical parameters. Such systems will be identified from S1 to S50 throughout this work. The set of systems under study is basically formed by a subset of 27 fragments, as shown in Fig. 1 . This group of molecules will be referred to as fragment F1 to fragment F27 along the present study.
It is important to highlight that inside the main group of molecules, there are systems with exactly the same stoichiometry. That is, S6 = S8, S10 = S11, S3 = S16 = S18, S46 = S48. This is the case, since the aliphatic chains were suppressed in the systems to speed-up the computational time [11] . We also considered the notation ( ∼ ) to denote those systems that share some structural coincidences, which are detailed in Table S .1-S.2 of SI.
The 50 systems inside the training set were fully optimized according to the methodology presented in the Computational Details. The atomization energies of the systems
under study are presented in Fig. 2 that depicts the values ranked from the highest to the lowest, as it was found through the series. Note that the atomization energy was computed in accordance to the following equation:
where E T corresponds to the total energy, and E atom refers to the total energy of each individual atom forming the molecular system. Systems S24, S47, S23 and S46 represent the configurations with the most stable atomization energies. It is important to denote that the systems with the most stable atomization energies contain fragments F3, F5, F14 and F22, while the most unstable systems contain fragments F12, F15, and F17. In this regard, ground-state geometries are not necessarily planar, and in some cases, different angles of torsion located at the fragments are observed (see Fig. S .11-S.17 of SI. All Cartesian coordinates of the 50 systems are collected at the SI).
Planar systems are depicted in Fig. 3 , where no deviations were found at the corresponding building blocks (fragments). It may also be noticed that the 3D structures shown in Fig 
Open circuit voltage (V oc ) and optical gaps
The V OC values provide information on the performance of a solar cell device into operation and in accordance with Eq. (3), V OC approaches the efficiency of the excitation dissociation process in order to allow the charge carriers to be conducted to the electrodes. To evaluate this approach, it is explicitly necessary to consider the E LUMO of an acceptor. It is known that PCBM ([6,6]-Phenyl-C61-butyric acid methyl ester) [49] is one of the most widely used acceptors. As stated in the Computational Details section, it was found that the E LUMO of this acceptor system (see Fig. 5 ) is − 4.026 eV. This result was used to produce Fig. 6 (PCE vs. V OC ), where the V OC values are ranked and compared with the available experimental PCEs of the 50 systems under study. The explicit data are also reported in Tables S.3-S.8 of SI. The experimental data available for those properties are also presented for comparison. A reasonable agreement was found with the theoretical results found in this work. All V OC values range from 0.35 to 2.27 V, except system S21 (− 0.10 V), which reports a HOMO energy close to the LUMO of the acceptor. All V OC values found in the training set fall in the range of available experimental data [49] .
Furthermore, the HOMO isosurfaces on systems S21 and S41, with the LUMO of the PCBM, are shown in Fig. 7 . A distribution of -bonding molecular orbitals are found for both systems, but an effective continuous distribution is found for the S41 system, and a random distribution is obtained for the S21 system. The HOMO isosurfaces in those systems with highest V OC are depicted in Fig. S.18 of SI and present that behavior, while the HOMO isosurfaces of the systems with smallest V OC are depicted in Fig. S.19 of SI. The -bonding MOs present a discontinuous distribution through the covalent interaction between the carbon atoms. Consequently, an ordered distribution of -orbitals along the chain of an OPV polymer in a solar cell, may be determinant to obtain a high output in V OC and may represent a criteria on the design of the device. In this respect, the available PCEs, which were previously estimated by experiment [11, 12, 29, [45] [46] [47] [48] , have been ranked from the largest to the lowest efficiency. It is important to remark that the PCEs of 42 from the 50 systems in the training set are available in the literature. From this particular subset of systems, we incorporated to Fig. 6 the ranked V OC values computed in this work, and we also ordered such values from the largest to the lowest. As depicted in Fig. 6 , we classified the experimental PCE and the theoretical V OC values on 3 regions with different colors. The blue, yellow and green regions represent the parameters with largest, intermediate and smallest values, respectively. The bars at the right and left sides represent the parameters found in experiment [11, 12, 29, [45] [46] [47] [48] , and in this work, respectively. From Fig. 6 , it may be inferred that several molecules in the subset of systems with largest efficiencies belong to the same subset of molecules with highest V OC values. The subsets with intermediate and smallest experimental efficiencies present a moderate number of molecules inside those regions that relate the molecules with intermediate and smallest V OC values. Nevertheless, the sorting of systems with high V OC values in a group of OPV materials may work as a tool to identify optimal solar cell devices with high experimental efficiencies. The systems that fit such criteria are: S3, S4, S16, S26 and S30. This may reduce the cost of production in candidate OPV materials to be implemented in photovoltaic devices. Furthermore, the latter may be addressed as a criteria to design novel OPV materials, where no efficiencies are available. Consequently, the performance of a solar cell may, in principle, be qualitatively estimated from the computation of the V OC at the DFT level.
On the other hand, some of the parameters calculated in this work have also been evaluated at DFT level with S27  S26  S1  S25  S15  S29  S2  S30  S21  S13  S12  S9  S36  S11  S10  S18  S16  S3  S14  S33  S4  S17  S37  S20  S28  S44  S43  S38  S19  S41  S5  S7  S8  S6  S45  S34  S39  S31  S35  S50  S32  S40  S22  S49  S42  S48  S46  S23  S47  S24 Hartrees Fig. 2 Atomization energies (a.u.) for the 50 molecular systems different functionals and different basis sets [15] . The data computed somewhere else [15] have been compared with the values reported in our work for V OC . In this respect, the data found with our methodology appear to be more accurate than those found with the former scheme, since an averaged deviation of 30% was assessed. It may be addressed that it is a necessary condition to include larger basis sets to obtain better results that may predict the V OC values found in experiment. Furthermore, Fig. S.20 shows the V OC values computed in this work, which are ranked and compared with the experimental data. The HOMO values calculated in the present study are also ranked and compared to those found in experiment (see Fig. S.21) . The results found for V OC and HOMO appear to be in reasonable agreement with those found in the experiment.
The experimental optical gaps may only be compared with the theoretical results at the TDDFT level, if the experiment was performed in a gas phase photoemission probe. It was found that from the 50 systems in this training set, only 4 systems fulfill this criteria, namely S5-S8. It may readily be verified that our theoretical results found from TDDFT calculations are in reasonable agreement with experiment, as it is reported in Table S.9 of SI. It is important to highlight that the optical gaps previously computed for systems S5-S8 are the only information available for this parameter through all the training set of 50 systems.
The PCBM LUMO isosurface presented in Fig. 7a represents a virtual orbital where no electronic charge resides and it also represents the probable regions around the PCBM where charge may be transferred to. In this case, it may be expected that the charge carriers jump to the C 60 unit of the PCBM, and unlikely to the attached functional groups. On the other hand, it has been stated [28] that if the difference between the LUMO of the donor and acceptor ( ΔE LL ) lies about 0.3 eV (i.e., LUMO D -LUMO A = 0.3 eV), a larger energy conversion efficiency is obtained. Consequently, we found that ΔE LL for most of the systems under study ranges from 0.92 to 1.2 eV. The systems are ranked in a decreasing order of ΔE LL , as presented in Fig. S.22 . If we consider the systems with largest V OC and smallest ΔE LL , the potential systems to be implemented as OPVs would be S8, S12, S13, S17 and S28.
Aromaticity properties
We performed NICS (nuclear-independent chemical shifts) calculations on the 50 optimized systems according to the methodology described in the Computational Details Section in order to understand the possible aromatic behavior Ring 2 (1,2,5-thiadiazole) is the most aromatic system, since the values range from − 10 to − 15 ppm. Such ring may be located at S1, S3, S4, S12 and S15-S26 systems. Ring 3 (thiophene) presents NICS from − 5 to − 10 ppm. Particularly, Ring 4 was found to be antiaromatic, with positive NICS values located at S1, S3, S6, S8, S16-S18, S24, S25, S31, S32, S34, S35, S39-S42, S45, S46 and S48 systems. The presence of such aromatic groups may rearrange the electronic distribution of the -orbitals and destabilize the aromatic character at that location.
Furthermore, according to Muñiz et al. [50] , the aromatic character of a system may be related to conductivity, since charge transfer may be achieved through the isotropic currents at the center of the aromatic rings in a crystallized arrangement, such as the one-dimensional chain of the Au 3 Cl 3 Li 2 system [50] . In the OPV system under study, this property may be relevant since the synthesis of such organic compounds may be designed in columnar arrays, where the electronic transport may be facilitated. In agreement with the latter, the potential candidates to be crystallized in columnar arrays may correspond to those cases where the aromatic character is stronger (see Fig. 8 ). The electron-hole pair in these systems may provide a more effective charge transport to an acceptor in the design of a solar cell.
Nonlinear optical (NLO) properties
NLO properties, such as the isotropic polarizability ( ), anisotropy of polarizability ( Δ ) and total hyperpolarizability ( tot ), are of high relevance to understand the behavior of OPVs. NLO properties are also of interest in materials for modern communication technologies and optical signals processing [51] . NLO properties give a tendency on the delocalization of intramolecular charge in groups of donor electrons [52] . Further, NLO properties relate higher efficiency of mobility and electron transport from donor to acceptor to higher , Δ and tot . That is, NLO parameters may only be considered as a tool to give a tendency and characterize the efficiency of electron charge transfer on the organic system. This may play a role in the short-circuit current density, as well as on the solar cell system efficiency, as reported by Balanay [53] . Additionally, it has been reported that in organic systems such as porphyrins [53] and organic dyes [54, 55] , the increase in NLO properties are directly related with the increment in the photovoltaic performance of those systems. We computed such properties for the 50 systems under study. The values for and Δ are depicted in Fig. 9 , while those for tot are presented in Fig. 10 . All parameters are also reported in Table S .10 of SI. After selecting those systems with the highest values for the NLO properties, we found that systems S5, S7, S21, S22, S23, S24, S46, S47, S49 and S50 would represent potential systems that would effectively transfer electronic charge from the donor to the acceptor. S13  S36  S12  S26  S9  S30  S10  S11  S37  S14  S25  S3  S16  S18  S44  S20  S39  S43  S7  S6  S8  S15  S40  S42  S22  S45  S38  S31  S5  S32  S33  S23  S35  S24  S34  S50  S46  S48  S49  S47 Voc (V)   S26  S4  S30  S3  S16  S18  S23  S33  S24  S39  S22  S20  S31  S32  S25  S40  S9  S36  S34  S21  S46  S48  S43  S47  S49  S35  S37  S50  S45  S10  S11  S42  S44  S38  S15  S13  S12  S6  S8  S14  S5 
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Excited state calculations
UV/vis spectra
Excited state calculations were carried out on the series of OPV systems using the TDDFT methodology as presented in the Computational Details section. Such calculations were performed by considering the ground-state geometry of the 50 systems with the first 10 excited states. The results for the lowest-energy excited states are presented in Table 1 . The locations of the absorption bands for a group of selected systems and their corresponding oscillator strengths reveal that all systems present two absorption bands separated by a corresponding Stokes shift. Note that the oscillator strength magnitude may be interpreted as a measurement of the probability to find an absorption peak at a corresponding wavelength. Furthermore, the simulated UV/vis spectra were also computed from the excited state calculations (see Figs. 11  and 12 ). All systems presented in Table 1 were selected from the rest of the calculations since all absorption bands are located in the range of visible light (from about 350 to 700 nm) and all systems are summarized in [56] to analyze the individual transitions, which was originally considered to describe the excitations of porphyrins. The MOs to be considered are HOMO-1, HOMO, LUMO and LUMO+1. The model states that the transitions may take the following excitations: HOMO-1 → LUMO+1, HOMO → LUMO+1, HOMO-1→ LUMO and HOMO → LUMO, which are designated as B y , B x , Q x and Q y bands. The molecular systems S16 to S21 present bands with higher oscillator strengths located at about 400 nm, and a band with smaller oscillator strength located around 600 nm. On the other hand, the absorption bands for systems S33, S46-S50 present bands with a small intensity and negligible oscillator strength. As it may be readily verified in Table 1 , the transitions for the selected systems comprise to a B and a Q band, namely B x and Q y bands. The Q y -bands present the highest probability of occurrence. Such behavior is virtually found along the complete series (see Table S .11-S.15 of SI), with an exception at the transition HOMO → LUMO+2, which was found for systems S38, S39 and S41, corresponding to transitions with a low probability of occurrence. The highest oscillator strengths correspond to those systems that present redshifting, and their corresponding absorption bands are located from 550 to 650 nm, which indicates that such systems would absorb most of the visible light. The UV/ vis spectra for the rest of the systems under study may be found from Fig. S.23 to S.32 of SI. In order to elucidate the changes in the electronic structure that induce the corresponding excited states, we considered the |CI|-coefficients that provide information on the probability of occurrence of a given transition. We present those excitations with the largest |CI|-coefficients for the selected systems presented in Table 1 . Such coefficients provide information on the probability of occurrence of the given transition. We present those excitations with the largest coefficient for the selected systems presented in Table 1 . A general behavior may be verified in this series of systems. That is, all transitions are more likely to occur (see Fig. 13 ) from the HOMO to the LUMO of the first three lowest-energy systems with a probability ranging from 97.5 to 98.5%. Note that the rest of excitations are depicted in Fig. S .33-S.41 of SI. The one-electron transition takes place from the HOMO composed of -orbitals mainly located at the carbon atoms to the virtual molecular orbital LUMO, which is mainly composed of anti-bonding * orbitals. Note that the LUMO represents the most likely regions on the molecular arrangement where electronic charge may be transferred to, since it represents an unoccupied MO. The electronic transfer may be ascribed to an intraligand (IL) transition with a strong − * character. Such charge transfer is directly related to a low-energy absorption that corresponds to a small HOMO-LUMO gap as presented in Table S .3-S.8 of SI. The LUMO may be interpreted as the hole that the electron must track in order to achieve an electron-hole pair process, describing the mechanism of charge transport in the photovoltaic material. Since the Q y -bands are the most likely excitations of the series, and they correspond to the redshifted bands that would absorb a wider range of the visible light, it may be theoretically addressed that the series of title complexes effectively absorb light in photovoltaic applications, as it is verified in the experiment. The HOMO-LUMO gap for this series of systems ranges from 1.15 to 3.0 eV, which corresponds to the band gap of known photovoltaic semiconductors such as a-Si [57] or AlGaAs [58] . Consequently, the selected series of systems would represent potential candidates to be implemented as an alternative to the based-inorganic photovoltaic materials.
Furthermore, it has been shown that B3LYP functional is less accurate to compute optical properties than tuned long-range corrected hybrid functional at the TDDFT level [59, 60] . Nevertheless, it has been shown that it may represent a reliable alternative [61] , when this functional is implemented to reproduce excited state properties. In this regard, benchmark calculations have been carried out with Oscillator strength
Wavelength λ (nm) S16 S17 S19 S20 S21 Fig. 11 UV/vis spectra of S16, S17, S19, S20, S21 long-range corrected hybrid functionals, as implemented in Gaussian 09 computational code [22] , using the same basis set given at the Computational Details section. The functionals used in this benchmarking are: CAM-B3LYP [62] , LC-PBE [63] , wB97X-D [64] and M06-2X [65] , in order to compare with the performance obtained with systems S16, S17, S19, S20 and S33, which are those systems that best reproduce the absorption bands at the initial TDDFT/B3LYP level. It was found that the long-range corrected functionals finely reproduce the experimental absorption bands, indeed. Nevertheless, an error ranging from 19 to 29% (see Table S .16) for the long-range functionals is obtained, while an averaged error of 11% was found with respect to experiment in the case of the B3LYP functional. This indicates that the choice of the global hybrid functional B3LYP represents a dependable option to be implemented in the study of the excited state properties of OPV materials. Note that all calculations were performed by considering the systems under study as monomers. The polymer limit [66] was not considered with its corresponding polynomial fit, due to the large number of systems in our set. The results were analyzed with the current approach since the scope of the present work is to identify tendencies in the overall behavior of the electronic structure properties in the set of OPVs under study. Further research in our group is to be developed in order to give insights into the behavior at the polymer limit with analogous systems.
Light-harvesting efficiency calculations
As we have previously reported, all the excited states for the 50 systems in the training set are listed in Table 1 . The oscillator strengths (f) for all systems are also reported in this table, and it provides information on the intensity of the absorption band, as calculated for the corresponding excited state. As it has been previously stated in the Computational Details section, the light-harvesting efficiency (LHE) may be approached by Eq. (5), indicating that the LHE is proportional to the oscillator strength intensity. On the other hand, LHE values are correlated with the intensity of the short-circuit current density ( J SC ). Figure 14 shows the values of LHE through the set of systems. The systems with larger LHE values may be grouped as OPVs that increase the J SC in a PV device. The systems with this behavior present non-planar geometries with torsional angles ranging from 30 0 to 60 0 , where the presence of Sulfur and Silicon in fragments F3 and F5 remains constant and may induce rotation around the corresponding axis of symmetry. The latter may represent a tendency; addressing that non-planarity may be related to enhanced density currents. Nevertheless, a study with larger samples of OPVs is required to support such arguments, and to give a definitive correspondence. 
Electron injection efficiency calculations
The electron injection efficiency inj may be approached by ΔG inj , as it is given in Eq. (6). This parameter is also related with the intensity of J SC . Consequently, for high values of LHE and ΔG inj , we may obtain enhanced values of J SC . Using the available data for the oxidation potentials reported in Table S .17 of SI, the energies of the first excited state transitions found at the TDDFT level and the LUMO of the PCBM system; as the acceptor, it was found all ΔG inj values, as presented in Fig. 14 . Besides, if negative values for ΔG inj are found, an spontaneous electron injection to the LUMO of the acceptor may be interpreted [6] . This was found for systems S2, S4, S5, S9, S14, S15, S19, S20, S22, S23, S24, S27-S34, S39-S50. The systems with ΔG inj above 0.6 eV are of special interest [6, 10, 32 ] to obtain enhanced J SC values. In our calculations, those values correspond to systems S6 and S8. Since J SC depends on LHE and ΔG inj , we have plotted both properties in Fig. 14 in order to relate the highest LHE with the highest ΔG inj values. The combined properties would represent a final estimation on the tendency for J SC values found for this training set. Taking into account the former criteria, we found that the final group of systems with enhanced J SC values would be formed by the S6, S8, S13, S16, S17, S19 and S28 OPVs.
Discussion of results
The correlation between the set of parameters calculated for each of the 50 molecules and the corresponding parameters used to calculate the conversion efficiency was explored by employing the R statistical computational suite [67] . Table 2 lists the set of all parameters computed in this study.
These parameters were tested for linear correlation with the PCE reported for solar cell devices built with these donor compounds. Four statistical significant parameters were detected 2, 4, 5, 8 (in accordance to the notation given in Table 2 ) with a standard deviation of 0.33. In the same manner, a linear correlation with V oc , J SC , V oc * J SC and FF was tried. Significant parameters and standard deviations obtained are presented in Table 3 . The correlation is not very high and may only work for PCE and V oc for which LHE is a significant parameter.
Conclusions
An electronic structure investigation was performed on a series of OPV materials. The systems under study are divided into a group of planar structures and into structures with torsional angles about a symmetry axis along the molecules. The non-planar OPVs appear to be the most energetically stable systems in the series, i.e., systems S17, S22, S23, S24, S47, S48 and S50. The HOMO energy calculations show a reasonable agreement of 90-95% with respect to experiment, and a 75-86% of agreement in the LUMO energy calculations. This may be highly relevant in the prediction of photovoltaic properties. The aromaticity calculations reveal a high stability through the series, and particularly on systems S5, S7, S19, S20, S22, S36, S37, S43, S45 and S47. This property may be directly applied in the crystallization of the OPV material, where the molecules may be arranged in columnar phases that interact through − stacking along the aromatic rings. This may result in a solid-state material with desirable electronic conductivity properties. On the other hand, the computed UV/vis spectra show that the most probable excitations would correspond to redshifted Q y -bands, that would absorb visible light more effectively. This may be addressed to an adequate performance in solar cell device applications. The performance of this set of complexes was also characterized with the evaluation of LHE, ΔE LL and ΔG inj , which were computed in the presence of a PCBM acceptor. After selecting the systems with highest NLO parameters and larger V OC values, it was found that the systems S6, S10, S12, S13, S16, S17, S23 and S33 would represent a set of optimal materials to be implemented in solar cell devices. After following the methodology developed in the present work, it may be possible to improve the design of solar cell devices based upon OPV structures. The methodology of the present work may be applied to obtain accurate results in the development of novel data sets of electronic structure properties on OPV materials. 
